Introduction
In recent years self-assembled monolayers (SAMs) of alkanethiols on metal substrates have attracted the attention of many scientists in physics and chemistry due to their ability to form ordered organic films with well-defined composition and thickness. They are potentially versatile building blocks for the development of advanced materials: 4 a proper selection of headgroups allows the chemical derivatization of a surface, and for this reason SAMs have been employed as a link path to graft molecules onto metal substrates, with the aim of modifying the surface properties. 5, 6 In particular, acid-terminated alkanethiols are remarkably interesting due to their capability to react and/or strongly interact with many other chemical groups, leading to the functionalization of a surface with different molecules.
Several analytical techniques, such as spectroscopies, 1,2,7 contact angle, 8,9 ellipsometry and electrochemistry 10 have been used to study SAMs. As a result, there was a general agreement that long (n > 6) methyl-terminated alkanethiols on Au(111) form densely packed monolayers, with a chain tilt of ∼30°with respect to the surface normal and a structure with a ( 3 × 3)-R30°lattice. Later helium diffraction 11 and STM 12 studies demonstrated the presence of a c(4 × 2) superlattice of the basic ( 3 × 3)R30°structure. However, other authors claim that replacing the methyl termination by other functions does not always lead to the same organization and crystalline patterns and that variations in headgroups, chain length, and preparation conditions can give rise to different favored packing structures. [13] [14] [15] [16] [17] The two-dimensional characteristics of acid-terminated alkanethiol SAMs have not yet been accurately described through STM studies. Furthermore, there is no clear agreement in the literature about what are the proper preparation conditions to obtain highly ordered acid-terminated monolayers. Nuzzo et al. 18 observed well-packed mercaptohexadecanoic acid monolayers by infrared spectroscopy when using ethanol as a solvent for the SAM preparation. This was confirmed by the STM data of Ito et al. 19 and Gorman et al. 20 for the case of mercaptoundecanoic acid. However, other studies 21,22 demonstrated a high degree of disorder in mercaptohexadecanoic acid samples prepared only with ethanolic solutions and suggested that the quality of the surfaces can be improved with the addition of acetic acid to the solvent. In addition, Willey et al. 23 also claimed that well-ordered carboxylic-terminated SAMs of mercaptohexadecanoic acid can be formed by adding acetic acid, and they showed that rinsing in KOH causes the carboxylic group to be oriented much more upright. Finally, Wang et al. 24 argued that carboxylic-terminated SAMs are harder to control than methyl-terminated ones, and they proposed that addition of CF 3 COOH to the ethanol followed by a rinse with NH 4 OH improves the sample quality.
This report focuses on the crystalline structure of acidterminated SAMs and compares them with methyl-terminated SAMs of similar length. For this purpose, four molecules have been selected: decanethiol (C10), hexadecanethiol (C16), mercaptoundecanoic acid (11-MUA), and mercaptohexadecanoic acid (16-MHDA). SAMs were characterized by X-ray photoelectron spectroscopy (XPS), cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and contact angle and scanning tunneling microscopy (STM) techniques. Since methyl-terminated SAMs on Au(111) have been extensively studied, 10,15,25-27 they have been chosen as the bench mark for comparison with carboxylic acid-terminated ones in our discussion.
By combining the above-mentioned experimental techniques, we have been able to show that carboxylic acid-terminated SAMs have equivalent chemical composition, thickness, and roughness as their methyl-terminated counterparts. Contrary to other studies, [21] [22] [23] [24] we demonstrate that ordered and compact carboxylic acid-terminated SAMs can be obtained without any particular treatment such as the addition of acetic acid to the ethanolic alkanethiol solution.
Experimental Section
The Au(111)/mica substrates were prepared by vapor deposition of 150 nm gold film (purity 99.99%) onto freshly cleaved mica preheated at 375°C for several hours in a custom-built high-vacuum evaporator (base pressure 10 -7 mbar). The substrates were flame annealed in a hydrogen flame for 1 min and heated in UHV (10 -9 mbar) for more than 3 h before use. After this treatment, no carbon and oxygen resulting from environmental contamination was detected by XPS and atomically flat Au(111) terraces with the 3 × 23 herringbone reconstruction were observed by STM. For the electrochemical experiments, gold films were similarly deposited also on silicon (111) with a Ti adhesive layer of 1 nm thickness.
11-MUA (97%) was purchased from Dojindo Co., 16-MHDA (90%) and C10 (96%) were purchased from Aldrich, C16 (95%) was purchased from Fluka, and acetic acid was purchased from Acros. All the compounds were used as received.
The gold substrates were immersed in a 1 mM solution of each alkanethiol for 1 day at room temperature. Ethanol was use as a solvent for the preparation of C10 and C16. 11-MUA and 16-MHDA solutions were prepared with both ethanol and chloroform, 6,28 and no difference was observed between samples immersed in either ethanol or chloroform. After removal of the samples from solution, they were rinsed with pure solvent or 5% acetic acid in ethanol and dried under an argon gas flow.
The STM study was performed using a Molecular Imaging STM with Pt/Ir mechanically cut tips. Images were recorded in the constant current mode with positive or negative bias voltage typically between 0.5 and 0.9 V and set point currents (I set ) lower than 25 pA, at room temperature in air. Data treatment included plane subtraction, smoothing, and adjustment of color scale and brightness to enhance the contrast.
The XPS measurements were performed using an X-PROBE Surface Science Laboratories photoelectron spectrometer with a monochromatic Al KR X-ray source (hν ) 1486.6 eV). The energy resolution was set to 1.2 eV to minimize data acquisition time, and the photoelectron takeoff angle was 37°. The binding energies were referenced to the Au 4f 7/2 core level. 29 The base pressure in the spectrometer was 1 × 10 -10 torr. A minimum number of scans was accumulated to avoid any X-ray damage. 8,30-32 Spectral analysis included a background subtraction and peak separation using mixed Gaussian-Lorentzian functions in a least-squares curve-fitting program (Winspec) developed in the LISE laboratory of the Facultés Universitaires Notre-Dame de la Paix, Namur, Belgium. The procedure consisted in fitting a minimum number of peaks that can reproduce the raw data and are consistent with the experimental resolution and the molecular structure of the film. All the measurements were performed on freshly prepared samples in order to guarantee the reproducibility of the results.
The electrochemical experiments were performed in unbuffered 0.1 M KCl Millipore aqueous solutions using a two-compartment electrochemical cell fitted with a saturated calomel electrode (SCE) and a platinum spiral as the counter electrode. Solutions were previously degassed by bubbling Ar through them. Experiments were carried out with an Autolab model PGSTAT 30 (Ecochemie).
The contact angle measurements of doubly distilled and demineralized water (Milli-Q, 18.0 MΩ) on the surfaces were carried out at room temperature by the sessile drop method 33 using a custombuilt microscope-goniometer system. A 1.25 µL drop of the liquid was placed on a freshly prepared sample using a Hamilton microsyringe. Figure 1 presents high-resolution STM images of a C10 monolayer. Figure 1a shows a molecularly resolved area where the molecules arrange in a hexagonal structure corresponding to the ( 3 × 3)R30°l attice. A c(4 × 2) superlattice with respect to the fundamental hexagonal pattern is also visible due to variations in spot brightness, and the unit mesh is outlined to guide the eye. The cross section plot of the line superimposed in the image ( Figure  1b) indicates that the brighter spots appear ∼0.1 Å higher than the rest. 12,15 Figure 1c presents a 20 × 20 nm 2 image showing domains of molecules in which every domain has one of the three possible symmetry-equivalent orientations arising from the c(4 × 2) superlattice. 11,17 The darker areas are single-atom-deep etch pits in the gold terrace. These pits are vacancy islands of monatomic depth on the gold substrate and are induced by the dynamic self-assembly process that takes place during the formation of the monolayer in solution. 4 Figure 2 shows STM images of 11-MUA, where molecular resolution was also achieved. image with different morphologies. We can clearly recognize simple hexagonal domains such as "A". There are also ordered arrays of molecules forming domains "B" similar to the ones found on C10 (Figure 1c ), which are a fingerprint of the c(4 × 2) superlattice. Other regions of type "C" are less defined and probably not ordered. Single-atom-deep etch pits in the gold terrace 4 are visible as well. Previous STM measurements carried out under nitrogen revealed a double-row structure in the 11-MUA SAM 20 that was not observed in the present study. We believe that this double-row arrangement corresponds to a nonresolved c(4 × 2) structure. A higher magnification image (Figure 2b ) reveals that 11-MUA orders in a ( 3 × 3) R30°p acking with an average molecular distance of 5 Å. The hexagonal packing is clearly seen in the FFT-filtered image included as an inset. 11-MUA has a crystalline structure very similar to that of C10. However, while C10 presents large uniform areas with the same arrangement, 11-MUA forms a compact monolayer with a mixture of diverse morphologies and smaller ordered domains, which is a clear difference between acid-and methyl-terminated alkanethiols. Note that a poorer image resolution is achieved for 11-MUA than for C10 measurements, probably due to the presence of environmental contaminationssuch as waters adsorbed by the acid groups that interfere with the tip, changing its shape and perturbing the scanning process.
Results and Discussion

Scanning Tunneling Microscopy (STM).
Figure 3 presents STM images of C16. Figure 3a shows a 30 × 30 nm 2 surface where ordered arrays of C16 and single-atomdeep etch pits in the Au terrace are seen. The distance between brighter spots of the ordered arrays suggests the presence of the c(4 × 2) reconstruction. 12,15 A higher resolution image (4 × 4 nm 2 ) shown in Figure 3b displays a highly ordered ( 3 × 3)-R30°arrangement with an average molecular separation of 5 Å, as for C10. The inset is part of the same image filtered by Fourier transformation to evidence the hexagonal lattice in more detail. These are the first STM images of C16 acquired with molecular resolution. To reach such a resolution it was necessary to work with a set point current not higher than 10 pA and bias voltage higher than 500 mV. Notice that SAMs with a long alkyl chain (n > 14) present a very poor conductivity. Bumm et al. 34 reported that a tunneling current lower than 1 pA should be used to obtain molecular resolution STM images of C16, which is not possible with current standard scanning tunneling microscopes. We ob- served that higher tunneling currents can be used to successfully observe the molecular structure of C16 if working with the proper bias voltage and tip shape. A few scans over the same area under the above-mentioned conditions were reproducible, but the quality of the image gradually decreased, probably due to damage of the monolayer and/or changes in the tip shape. A consequence of the low set current is a rather high noise level which does not allow us to observe a c(4 × 2) superlattice in clear detail.
Finally, STM results on 16-MHDA are shown in Figure 4 . A 190 × 190 nm 2 scanned area reveals gold terraces covered by a uniform alkanethiol monolayer with single-atom-deep etch pits. Contrary to the systems described above, it was impossible to achieve molecular resolution in this case. The difficulty of imaging the 16-MHDA SAM arises from the poor conductivity of the thick organic film 34 and the hydrophilic nature of the acid groups that favor environmental contamination of the surface. Many samples were investigated, and they always presented the same characteristics everywhere, suggesting therefore that the monolayers are compact and uniform. As mentioned in the Introduction, previous studies reported that the addition of acetic acid to the preparation of 16-MHDA and a final rinse with KOH improve the monolayer order. 23 Samples prepared by this method were checked by STM (not shown); the results were similar to those described in Figure 4 , but some regions presented evidence of contamination, probably due to difficulties in removing acetic acid molecules adsorbed on the surface. Thus, our observations do not support the conclusions of ref 23.
X-ray Photoelectron Spectroscopy (XPS).
Figure 5 presents the C 1s core level region of the photoemission spectra of C10, 11-MUA, C16, and 16-MHDA as well as the fit of the experimental lines. In the case of C10 and C16, at least two components are needed to mathematically reconstruct the experimental line. They occur at binding energies of 284.7 and 285.6 eV and are unambiguously attributed to aliphatic carbon and carbon bound to sulfur, respectively. 29, 35 The same features are found for 11-MUA and 16-MHA, where the peak at 285.6 eV is not only due to carbon bound to sulfur but also to the aliphatic carbon atom next to the carboxylic group. There is a third peak at 289.2 eV arising from carboxylic carbons. Peak positions, area ratios, and full width at half-maximum (fwhm) of the components are compatible with the stoichiometry of the alkanethiol molecules. Samples of 16-MHDA prepared with a solution of acetic acid/ ethanol and rinsed in KOH were investigated by XPS, and the C 1s region is also included in Figure 5 (16-MHDA acid + KOH). Peak positions and fwhm of the C 1s aliphatic components (at 284.7 and 285.6 eV binding energy, respectively) are identical to the previously discussed cases, and there is no evidence of a different chemical environment in aliphatic chains of 16-MHDA samples prepared with or without acetic acid, in contrast with the results obtained by Willey et al. 23 Hence, there is no indication of disorder in the monolayer produced without the addition of acetic acid. Carboxylate carbons appear at 288.4 eV, i.e., shifted to lower binding energy with respect to carboxylic groups due to charge-transfer and screening effects induced by the interaction between carboxylate groups and K + ions. The peaks at 288.4 and 285.6 eV binding energy are slightly more intense than expected when taking into account the stoichiometry of the molecule, suggesting the presence of residual acetic acid or acetate species. The potassium signal (not shown) appears as a doublet with the 2p 3/2 maximum at 293.1 eV binding energy, and its area is in stoichiometric ratio with the C 1s area of the carboxylate group.
The S 2p core level region of the photoemission spectra of the four samples is presented in Figure 6 . In particular, for the case of 16-MHDA we present the S 2p core levels of both the sample prepared only with ethanol and the sample prepared with ethanol + acetic acid and rinsed with KOH. All the S 2p spectra of carboxylic-terminated SAMs are identical to their methylterminated counterparts: all spectra are characterized by a doublet with maximum at 162.0 eV binding energy, an intensity ratio of 1:2, and a fwhm of 1.2 eV. There was no evidence of free (163.5 eV) or oxidized sulfur (168 eV) 29 in any sample, contrary to what was reported by Wang et al. 24 who observed unbound thiols in carboxylic acid-terminated SAMs prepared only with ethanol.
Our observations suggest no difference between SAMs prepared with or without acetic acid plus KOH rinsing, and we conclude that 16-MHDA SAM prepared only with ethanol presents the same chemical characteristics as C16 or 11-MUA, so the special preparation treatment with acetic acid plus KOH rinsing is not necessary to achieve an improvement.
The intensity of the signal produced by gold photoelectrons is attenuated by the alkanethiol monolayer, and this attenuation depends mainly on the SAM thickness: the thicker the film, the larger the substrate signal attenuation. Thus, XPS measurements are a good alternative to estimate the thickness of an alkanethiol monolayer. In the present work, we estimate the SAM thicknesses via the Au 4f core level assuming that the gold peak intensities follow the equation 36, 37 where Au 1 is the intensity of gold photoelectrons attenuated by the SAM, Au 0 is the intensity from clean gold, d is the SAM thickness, λ is the attenuation length (reported as 42 ( 1.4 Å for alkanethiols on gold 36 ), and is the takeoff angle. Thicknesses calculated by this method are presented in Table 1 .
The results are in good agreement with previous ellipsometry studies on methyl-terminated alkanethiols 11,27,38 and with the calculated values taking into account the C-C distance of fully extended alkyl chains with 30°tilt with respect to the substrate normal.
In addition, the attenuation of the S 2p signal indicates that the sulfur atoms are not exposed to the surface but are at the bottom of the SAM. The relative attenuation of the sulfur signal was similar for C16 and 16-MHDA and larger than that for C10 or 11-MUA. This observation can be only explained if we consider that the alkanethiols form a compact film in all four cases. In the presence of either the 11-MUA or the 16-MHDA SAM, the faradaic current associated with the redox processes involving [Fe(CN) 6 ] 3-/4-is largely suppressed and, together with the observed mostly capacitive behavior, testifies for the highly blocking character of the SAMs. 39 Not unexpectedly, the blocking effect of SAM is significantly larger in the case of the thicker 16-MHDA SAM than for 11-MUA. 40 Furthermore, the absence of peak-shaped morphology for both films, which is usually associated to a large contribution from defect sites or permeation, 41 is indicative of well-packed SAMs. On the other hand, the sigmoidal behavior observed at potentials close to the standard potential of the [Fe(CN) 6 ] 3-/4-redox couple (see Figure 7 , parts a and b) is pointing to the presence of kinetically active pinholelike defects 42 that, by comparison with the response of the bare gold electrode, were estimated to cover less than 0.2% of the electrode surface. 39 The highly blocking character of the SAMs was also assessed by performing an EIS analysis under the above conditions. 43 In Figure 6 . X-ray photoemission spectra of the S 2p core level region and mathematical reconstruction of the experimental lines of selfassembled monolayers on Au(111)/mica substrates of decanethiol (C10), hexadecanethiol (C16), mercaptoundecanoic acid (11-MUA), mercaptohexadecanoic acid (16-MHDA), and 16-MHDA prepared with ethanol + acetic acid and rinsed with KOH. Herein C ) 1/jωZ, where Z is the interface (complex) impedance (a parametric function of the frequency f), j ) -1, and ω is the angular frequency () 2πf). Notice that a semicircle in the c-plot is the expected response of a blocked electrode whose electric response to the sinusoidal potential perturbation is dominated, in the medium-high-frequency range, by the interface capacitance C () C dl ) arranged in series with the electrolyte resistance R () R Ω ). The double-layer capacitance in the c-plot corresponds to the intercept of the semicircle onto the real axis. 44 At lower frequencies (frequency decreases from left to right in the plots of Figure 8 ), the contribution to the total interfacial impedance from electron-transfer processes involving the redox probe is also measured, possibly coupled to mass transport effects. The latter interfacial phenomena correspond, in the frame of the Randles equivalent circuit description of the electrochemical interface (see the inset in Figure 8) , to the chargetransfer resistance R ct and the Warburg impedance Z W , respectively, and are responsible for the increase of complex capacitance observed at low frequencies in the plots of Figure 8 . Inspection of Figure 8 would therefore confirm that a significantly lower C dl value is obtained in the case of 16-MHDA films with respect to the 11-MUA ones. Furthermore, also in line with the voltammetric results (not shown), very similar C dl values are obtained for the 16-MHDA films onto either mica or Si (111) substrates.
Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS).
The electrical response of the interface was quantitatively described using the equivalent circuit 44 shown in Figure 8 , and the electrical parameters were evaluated by fitting procedures, using the constrained nonlinear least-squares method (CNLS) method described by Boukamp. 45 From the best fit values for C dl (3.1 and 2.0 µF cm -2 for 11-MUA and 16-MHDA, respectively), the average thickness of the SAMs was obtained within the Helmholtz capacitor approximation of the double layer, i.e., d ) 0 /C dl . Assuming an average dielectric constant of the organic layer ) 4.5 ( 0.5, 39 d ) 13 ( 2 and 20 ( 3 Å for 11-MUA and 16-MHDA SAMs, respectively, in rather good agreement with the values obtained by XPS.
Furthermore, from the value of R ct measured at E oc , the apparent standard rate constant value for the electron-transfer process involving the redox couple was estimated using the following relationship: k 0 ) (RT/n 2 F 2 AC 0 )(1/R ct ). 44 From the value for R ct measured at E oc , the apparent standard rate constant values for the electron-transfer process at the 11-MUA and 16-MHDA SAMs were 1.1 × 10 -6 and 4.4 × 10 -8 cm s -1 , respectively, in very good agreement with the CV behavior. Assuming that the electron transfer does occur via nonresonant through-bond tunneling, i.e., the rate decreases exponentially with the chain length, k SAM ) k Au e -n , 46 the electronic tunneling factor per methylene unit obtained by comparing the above two k SAM 's is 1.07, in very good agreement with the reported values for . 39 Contact Angle. The wettability of both acid-and methylterminated alkanethiols was investigated by measuring the contact angle of water on freshly prepared samples. The values, determined as the average of three identically prepared samples, where at least three points on each one were measured, are presented in Table 2 . The high contact angle of 109°and 111°f or C10 and C16, respectively, testifies to the hydrophobic nature of methyl-terminated monolayers. In contrast, both 16-MHDA (prepared with or without acetic acid + KOH rinse) and 11-MUA present very low contact angles, lower than 12°or 10°, respectively, when measured immediately after deposition. Water droplets deposited on acid-terminated SAMs spread very fast, making it difficult to determine an accurate contact angle value. Such behavior is in agreement with strongly hydrophilic surfaces and suggests that both 11-MUA and 16-MHDA self-assemble on the substrate with their acid groups oriented toward the air side. 8 The water contact angle of the 16-MHDA SAMs prepared with acetic acid and KOH is also very low, consistent with the ionic nature of the surface. Contact angle measurements of 16-MHDA prepared only with ethanol or with ethanol + acetic acid and rinsed with KOH do not manifest any difference in terms of wettability.
The results of Table 2 are in good agreement with previously reported values, 8 but they differ from the results of other authors, 24 ,47 who found the contact angles of carboxylicterminated SAMs prepared only with ethanol to be higher. We observed that contact angles of carboxylic-terminated SAMs can be a few degrees higher than those presented in Table 2 if freshly prepared samples are measured too soon, i.e., before they are completely dry. Additionally, we noticed that the roughness of the gold substrate influences the quality of the monolayer. Thus, solvent contamination or differences in substrate roughness can explain discrepancies in contact angle data reported in other publications.
Conclusions
We have investigated acid-and methyl-terminated selfassembled monolayers of alkanethiols with different alkyl chain length. C10, C16, 11-MUA, and 16-MHDA on Au(111) were characterized by STM, XPS, and contact angle measurements. Molecular resolution STM images of C16 were achieved for the first time, and both C10 and C16 show ordered domains with ( 3 × 3)R30°lattice and a c(4 × 2) superstructure. In contrast, 11-MUA monolayers form smaller ordered domains than n-alkanethiols, and regions with a simple ( 3 × 3)R30°lattice, a c(4 × 2) superlattice, and nonordered arrangements coexist on the surface. Finally, 16-MHDA presents the morphology of a uniform alkanethiol monolayer with the characteristic singleatom-deep etch pits. In this case, both the thickness of the monolayer and the hydrophilic properties of the surface make it impossible to reach molecular resolution in air. XPS spectra showed peak positions and line shapes in agreement with the chemical structure of the molecules. The film thicknesses, estimated by both XPS and electrochemistry, are in good agreement with the values expected taking into account the C-C distance in the alkyl chain and fully extended alkanethiols tilted by 30°with respect to the substrate normal. Furthermore, despite the presence of a small fraction of pinholes (surface coverage e0.2%), the films proved to act as an effective barrier to both ion penetration and electron transfer to/from solution redox probes. The water contact angles of methyl-terminated monolayers were very high (∼110°) because methyl groups create extremely hydrophobic surfaces. In contrast, acid-terminated monolayers presented very low water contact angles (<12°) as expected for highly hydrophilic surfaces formed when most of the acid groups of 11-MUA and 16-MHDA point upright. 16-MHDA monolayers prepared only with ethanolic solution are as good and uniform as the ones prepared with acetic acid/ethanol and additionally rinsed in KOH. Furthermore, the acetic acid was difficult to remove and appears as contamination on the surface. Hence, we have demonstrated that ordered acid-terminated alkanethiol selfassembled monolayer can be obtained with the same preparation conditions used for methyl-terminated ones, without any other particular treatment.
